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Abstract
Thermal decomposition of n-nitrosopiperazine (MNPZ) was measured in 0.2 8 m aqueous piperazine (PZ) loaded 
with 0.1 to 0.3 mol CO2/equiv N from 100 to 165 °C. In 8 PZ with 0.3 mol CO2/equiv N, MNPZ thermal
decomposition follows Arrhenius temperature dependence with an activation energy of 94 kJ/mol and a rate constant 
of 10.2 *10-6 s-1 at 135 °C. MNPZ decomposition is dependent on PZ concentration and CO2 loading, but
independent of stainless steel ions and stainless steel surface.
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1. Introduction
1.1 N-Nitrosopiperazine (MNPZ) in carbon capture
While there are various technologies to reduce CO2 emissions from modern power plants, amine
scrubbing is currently the only viable technology for reducing CO2 emissions in conventional coal-fired
power plants. Amine scrubbing uses an aqueous solvent to absorb CO2 from the flue gas. The solvent is
then heated in the stripper to desorb CO2. The regenerated solvent recycles back to the absorber, and the
desorbed CO2 is pressurized for sequestration. [1,2]
Piperazine (PZ) and PZ blends have recently been proposed as alternative solvents to the first generation
monoethanolamine (MEA) solvent due to their higher working capacity, faster absorption kinetics, and
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greater resistance to thermal degradation.[3] However, PZ has two secondary amine groups with no steric 
hindrance, so it can be nitrosated to form n-nitrosopiperazine (MNPZ) and dinitrosopiperazine (DNPZ), 
two relatively stable nitrosamines.[4,5,6] In amine scrubbing with PZ, NO2 from the flue gas will absorb 
as nitrite (NO2-) and then react with PZ to form MNPZ and trace amounts of DNPZ.[7,8] Over 80% of 
nitrosamines are carcinogenic, and MNPZ and DNPZ in particular have a TD50 of 8.7 and 3.6 mg/kg 
body weight/day, respectively.[9,10] The Norwegian Climate and Pollution Agency has directly 
addressed nitrosamines in amine scrubbing, restricting total nitrosamine and nitramine levels to 0.3 ng/m3 
in air and 4 ng/L in water.[11] Since MNPZ and DNPZ are carcinogenic and restricted chemicals, it is 
necessary to properly characterize and then minimize their concentrations in amine scrubbing before 
adopting the technology for carbon capture and storage. 
1.2 Methods for MNPZ Decomposition 
Previous work has shown that MNPZ can be reduced by photolytic decomposition or by catalytic 
hydrogenation. Photolytic decomposition works best for atmospheric nitrosamines where the nitrosamine 
concentration is low, there is minimal background absorbance, and the sun provides a source of UV 
light.[12] Catalytic hydrogenation is currently being developed for wastewater treatment where 
nitrosamine concentration is also low, the solution is non-corrosive, and the catalyst can be 
reduced.[13,14]  Both photolytic decomposition and catalytic hydrogenation would be hard to implement 
in an amine scrubbing system where the concentration of nitrosamine is relatively high, the solvent is 
corrosive, and there is no free source of UV light.  Thermal decomposition is a simple, previously 
unexplored approach to control MNPZ concentration.  MNPZ thermal decomposition occurs at 100 °C 
and above, so it is not feasible at the ambient temperatures in water treatment or atmospheric 
decomposition.  However, MNPZ will thermally decompose under the stripper conditions found in an 
amine scrubber, which makes thermal decomposition the ideal method for nitrosamine control in amine 
scrubbing. [15]  
 
2. Experimental Methods 
2.1 Sample Preparation 
Solutions of PZ and CO2 were prepared with 0.2 m 8 m PZ and 0 0.3 mol CO2/mol N. In solutions 
with 0 loading, sulfuric acid (H2SO4) was added to control pH. The prepared solution was spiked 
gravimetrically with a maximum of 50 mmol/kg solution of sodium nitrite (NaNO2) or MNPZ standard 
-inch or ½-inch Swagelok thermal cylinders made from 316L 
stainless steel. The cylinders were placed in vented convection ovens at 100 °C to 165 °C. Cylinders were 
removed at set intervals until 90% of the MNPZ had decomposed. The samples were quenched in a water 
bath and then stored in amber vials at room temperature.   Samples were analyzed within a week to avoid 
any UV degradation of the nitrosamine. 
Table 1. Chemicals used 
Chemical Purity (wt %) Supplier 
Anhydrous Piperazine 99 Sigma-Aldrich 
Carbon Dioxide 99.99 Matheson Tri-Gas 
Sodium Nitrite 98.5 Acros organics 
Sulfuric Acid 98 Acros organics 
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Ferrous (II) Sulfate Heptahydrate 99 Ricca 
Nickel Sulfate Hexahydrate 98 Alfa Aesar 
Chromic (III) Sulfate Hydrate  99 Pfaltz & Bauer 
N-nitrosopiperazine 98 Toronto Research Chemicals 
 
2.2 Sample Analysis 
 
Samples were diluted in water by a factor between 20 and 150 and analyzed for MNPZ and nitrite 
(NO2-). Both MNPZ and nitrite were analyzed using reverse-phase High Performance Liquid 
Chromatography with a UV detector at 240 nm. The eluents used were 10 mM ammonium carbonate 
(NH4)2CO3 (pH = 9.1) polar phase and acetonitrile (ACN) non-polar phase. The analytical column was 
Dionex Polar Advantage II, 4 x 250 mm.  The MNPZ eluted between 4.8 and 6.4 minutes (Appendix B). 
Since nitrite is an anion, it eluted in the void space at 2.4 minutes.  MNPZ decomposition produces trace 
byproducts that also elute in the void space, making it impossible to quantify nitrite at very low 
concentrations.  Calibration curves were made with purchased standards; the curves were linear in the 
calibration range with quantification limits of 0.3 ppm MNPZ and 3 ppm of nitrite.   
 
2.3 Kinetics Modeling 
 
MNPZ decomposition was modeled as a pseudo-first order decomposition in MNPZ.  Each thermal 
cylinder represents an individual batch experiment with MNPZ decomposing exponentially.  MNPZ 
decomposition was regressed only after the cylinders reached the target temperature and all of the nitrite  
had reacted (Equation 1). 
 
                          (1) 
                          
The data were regressed with kDecomp and CMNPZ0 as free parameters using a JMP nonlinear regression.  
MNPZ decomposition was first order in MNPZ in every experiment and the relative standard error for 
kDecomp was less than 5% for almost every experiment. 
3. Results and Discussion 
Results for 21 experiments are presented in Appendix A. 
 
3.1 Dependence on Temperature 
 
Solutions of 8 m PZ loaded to 0.3 mol CO2/mol N were heated at 100 °C to 165 °C. The rate constant 
was assumed to follow an empirical Arrhenius model centered at 135 °C given by Equation 2. 
 
                                          (2)                
 
Each experiment was analyzed individually (Appendix A: Experiments 1 5), and the decomposition 
rate constants were regressed using Equation 2. The model fits the data for 8 m PZ at a CO2 loading of 0.3 
with an activation energy of 94±2 kJ/mol and a rate constant at 135 °C of 10.2±0.5*10-6 s-1 (Figure 1).  
 Nathan A. Fine and Gary T. Rochelle /  Energy Procedia  37 ( 2013 )  1678 – 1686 1681
The Arrhenius equation was also regressed for 8 m PZ at a loading of 0.1 (Appendix A: Experiments 16
18) and the activation energy was 75±6 kJ/mol with a rate constant at 135 °C of 12.2±1.3*10-6 s-1.   
 
Fig. 1:  Temperature dependence of kDecomp  
Conditions: 8 m PZ, 0.3 CO2 loading, 50 mmol/kg NaNO2 
 
3.2 Dependence on Stainless Steel Ions and stainless steel surface area 
 
The dependence of kDecomp on stainless steel ions was tested by spiking the solutions for the 120 °C and 
150 °C temperature experiments with 0.4 mM Fe2+, 0.1 mM Ni2+, and 0.05 mM Cr3+ (Appendix A: 
Experiments 2 & 4). At this temperature and time there will be minimal corrosion in the cylinders, [16] so 
the metal ions only come from the added solutions. The Arrhenius model fits the regressed rate constants 
regardless of whether stainless steel ions were added (Figure 2). Thus, MNPZ decomposition is not 
catalyzed by stainless steel ions.  
To test for dependence on stainless steel surface area, solutions of 8 m PZ and a CO2 loading of 0.34 
were heated at 150 °C in ½- -inch OD cylinders, and ½-inch OD cylinders with 
stainless steel packing. The packing has a surface area of approximately 1200 m2/m3, which roughly 
quadrupled the surface area available for reaction in the ½-inch cylinders. The decomposition rate 
constant is not statistically different for the three experiments, so MNPZ decomposition is not catalyzed 
by the stainless steel surface (Appendix A: Experiments 6 8). 
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Fig. 2:  kDecomp dependence on stainless steel ions
Condition: 8 m PZ, 0.3 CO2 loading, 50 mmol/kg NaNO2
3.3 Dependence on PZ concentration and loading
Solutions with PZ varying from 0.2 m to 8 m with a CO2 loading of 0.3 were heated at 135 °C to 
165 °C (Appendix A: Experiments 3 5 & 9 15).  All decomposition rate constants were then normalized
to 150 °C using the Arrhenius model and the kinetics were fit to an empirical power law (Figure 3).  At a
loading of 0.3, MNPZ decomposition is roughly half order in PZ concentration. The empirical PZ order 
cannot be the average of two parallel reaction orders since the power law fits the rate constants at dilute
concentrations.  A similar experimental design was carried out at a CO2 loading of 0.1 (Appendix A: 
Experiments 16 21) and the PZ concentration dependence was found to be statistically equivalent to zero. 
The unusual loading and PZ concentration dependence could be explained by an unknown reactant in 
equilibrium with PZ and CO2.  However, none of the species in the current PZ model can explain the
data.  Therefore the equilibrated species is most likely an MNPZ derivative that has not yet been modeled.  
More data must be collected to fully explain the dependence of MNPZ decomposition on PZ
concentration and loading. Equations 3 & 4 give empirical models for MNPZ decomposition.  Since the
activation energy and the dependence on PZ concentration are dependent on loading, there is currently no
empirical model that fits decomposition kinetics at both loadings.
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Fig. 3: PZ Dependence at 0.3 CO2 loading
4. Conclusions
MNPZ decomposition is first order in MNPZ.
The pseudo-first order decomposition rate constant is a function of temperature, loading, and
PZ concentration.
MNPZ decomposition is independent of stainless steel ions and stainless steel surface area.
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Appendix A. Individual Experimental Regression
Exp # PZ (m) Loading Temp. (°C) Condition kDecomp*106 (s-1) Model*106 (s-1)
8 0.3 100 0.72±0.02 0.76
8 0.3 120 SS ions added 3.7±0.1 3.6
3 8 0.3 135 11.1±0.5 10.2
4 8 0.3 150 SS ions added 26.9±1.6 27.4
5 8 0.3 165 65.3±0.7 68.3
6 8 0.34 150 1/2 in. OD 28.0±1.8 x
7 8 0.34 150 3/8 in. OD 31.4±1.5 x
8 8 0.34 150 1/2 in. OD pack 32.4±1.3 x
9 2 0.3 135 5.4±0.2 5.1
10 4 0.3 150 22.6±0.2 20.0
11 2 0.3 150 15.4±0.1 14.4
12 1 0.3 150 10.7±0.1 10.4
13 0.4 0.3 150 6.8±0.3 6.8
14 0.2 0.3 150 5.0±0.2 4.9
15 2 0.3 165 28.4±0.8 34.2
16 8 0.1 135 11.9±3.5 12.2
17 8 0.1 150 28.6±0.4 26.7
18 8 0.1 165 55±3.8 55.5
19 2 0.1 135 13.0±0.7 12.2
20 2 0.1 150 23.6±1.3 26.7
21 2 0.1 165 53±2.2 55.4
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Appendix B:  MNPZ elution using HPLC
Column: AcclaimTM PolarAdvantage II column, 4.6mm x 500mm
Eluents:  10 mM ammonium carbonate (pH=9.1) polar phase, Acetonitrile non-polar phase
Eluent Composition: 95% (NH4)2CO3 and 5% ACN from 0-10 min.; 50% (NH4)2CO3 and 50% ACN from 10-14 min.
Eluent Flow: 1 mL/min
UV wavelength: 240 nm
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